Congenital deficiency of carnitine palmitoyltransferase (CPT) II has been known for at least 30 years now, and its phenotypic variability remains fascinating. Three distinct clinical entities have been described, the adult, the infantile, and the perinatal, all with an autosomal recessive inheritance pattern. The adult CPT II clinical phenotype is somewhat benign and requires additional external triggers such as high-intensity exercise before the predominantly myopathic symptoms are elicited. The perinatal and infantile forms involve multiple organ systems. The perinatal disease is the most severe form and is invariably fatal. The introduction of mass spectrometry to analyze blood acylcarnitine profiles has revolutionized the diagnosis of fatty acid oxidation disorders including CPT II deficiency. Its use in expanded neonatal screening programs has made presymptomatic diagnosis a reality. An increasing number of mutations are being identified in the CPT II gene with a distinct genotype-phenotype correlation in most cases. However, clinical variability in some patients suggests additional genetic or environmental modifiers. Herein, we present a new case of lethal perinatal CPT II deficiency with a rare missense mutation, R296Q (907GϾA) associated with a previously described 25-bp deletion on the second allele. We review the clinical features, the diagnostic protocol including expanded neonatal screening, the treatment, and the biochemical and molecular basis of CPT II deficiency. (Lab Invest 2003, 83:1543-1554.
T he carnitine palmitoyltransferase (CPT) enzyme system, in association with acyl-coenzyme A (CoA) synthetase and the carnitine-acylcarnitine translocase (CACT), plays an important role in the transfer of long chain fatty acids (LCFA) from the cytosolic compartment to the mitochondrial matrix, where ␤-oxidation occurs (Bieber, 1988) . Two genetically distinct mitochondrial membrane-bound enzymes make up the CPT system. CPT I is located on the inner aspect of the outer mitochondrial membrane. This enzyme is physiologically inhibited by the high levels of malonyl-CoA that occur postprandially and thus regulates the entry of LCFA into the mitochondria ( McGarry and Brown, 1997) . CPT II, which is not inhibited by malonyl-CoA, is situated on the inner aspect of the inner mitochondrial membrane (Murthy and Pande, 1987) .
CPT II deficiency was first reported by DiMauro and DiMauro (1973) in adults with exercise-induced rhabdomyolysis. It is an autosomal recessive disorder (Angelini et al, 1981; Meola et al, 1987) and is now regarded as one of the most common inherited disorders of lipid metabolism (Zierz, 1994) . Isolated presentation in two successive generations has been reported, indicating a possible dominant inheritance (Mongini et al, 1991) . Partial CPT II deficiency with an autosomal dominant inheritance pattern has also been reported (Ionasescu et al, 1980) . The molecular basis for this presentation was not elucidated.
To date, three distinct CPT II-deficient phenotypes have been described in the literature, for which genotypic information is now available. The adult form, which was originally identified by DiMauro and DiMauro (1973) , is the most common and usually presents in young adults with recurrent myoglobinuria. The symptoms are usually precipitated by heavy exercise, and to a lesser extent, by cold, infection, emotional distress, and/or fasting. Renal failure may be a complication in some cases (Demaugre et al, 1988) . The infantile form, which usually presents in early childhood with fasting-induced hypoketotic hypoglycemia, liver failure, cardiomyopathy, and peripheral neuropathy, is potentially fatal, although treatable if diagnosed early (Hug et al, 1991; Taroni et al, 1992) . The perinatal form is the least common clinical presentation of CPT II deficiency and is almost universally and rapidly fatal (Elpeleg et al, 2001; Gellera et al, 1992; North et al, 1995; Pierce et al, 1999; Taroni et al, 1994; Vladutiu et al, 2002b) . The phenotypic variability of CPT II deficiency is fascinating. There is a significant degree of genotype-phenotype correlation at the severe and mild ends of the clinical spectrum. However, CPT II gene polymorphisms may modify the expression of the mutated genes, giving rise to varied clinical features in some cases.
We report a new case of perinatal CPT II deficiency with a rare missense mutation and we review the current and expanding literature on CPT II deficiency. .
Biochemical Review of the Mitochondrial Carnitine System
The metabolic significance of the mitochondrial carnitine system in the pathway of ␤-oxidation of LCFA is well recognized. LCFA of chain lengths C14 -C18 are activated at the outer mitochondrial membrane to acyl-CoA esters by long-chain acyl-CoA synthetase ( Kerner and Hoppel, 2000; Rinaldo et al, 2002) . However, the inner mitochondrial membrane is impermeable to the acyl-CoA esters (Fig. 1) . The so-called "carnitine shuttle" regulates the flux of acyl-CoA esters into the mitochondria. The shuttle requires the use of three major proteins, namely, CPT I, CACT, and CPT II.
CPT I catalyzes the rate-limiting step in ␤-oxidation, which is the conversion of the acyl-CoAs and free carnitine to acylcarnitines and free CoAs. CPT I is up-regulated when intracellular levels of malonyl-CoA are low, as is seen with fasting. Its activity is physiologically inhibited by high levels of malonyl-CoA (Dai et al, 2000; Declercq et al, 1987; Rinaldo et al, 2002) . CPT I is located in the outer mitochondrial membrane (Fig. 1) . Both the catalytic and the malonyl-CoA binding sites are exposed to the cytosol, where acyl-CoA esters are initially formed. Alterations in the membrane lipid environment can change the conformation of the CPT I enzyme, exerting an effect on its long-chain acyl-CoA binding site (Fraser et al, 2001; Zammit et al, 1997) .
Two isoforms of CPT I have been described, a liver isoform (CPT IA or L-CPT I) and a muscle isoform (CPT IB or M-CPT I). L-CPT I is also found in lung, pancreas, ovary, brain, spleen, intestine, kidney, and skin fibroblasts ( McGarry and Brown, 1997) . M-CPT I is found in tissues with high-energy utilization such as heart and skeletal muscle and is also present in adipose tissue. The liver isoform has a lower affinity for malonyl-CoA and a higher affinity for carnitine (Kerner and Hoppel, 2000) . Full-length cDNA cloning of L-CPT I from rat liver has predicted a protein of 773 amino acids with a molecular mass of 88 kDa (Esser et al, 1993) . There is 82% and 88% identity between the human and the rat L-CPT I nucleotide sequence and the predicted protein primary structure, respectively. The human M-CPT I gene has been mapped to chromosome 22q13.3, and the L-CPT I gene is located on chromosome 11q13 (Britton et al, 1995 (Britton et al, , 1997 .
In the second step of the carnitine shuttle, acylcarnitines enter the mitochondrial matrix in exchange for free carnitine, using CACT, an integral inner mitochondrial membrane protein (Fig. 1) . CACT differs from other mitochondrial metabolite transporters in that its action is bidirectional (Indiveri et al, 1994; Palmieri et al, 1996) (Fig. 1) . In addition to its function in the mitochondrial fatty acid oxidation (FAO), this enzyme is also thought to be involved in the membrane transport of acyl groups of different chain lengths. This multifunctionality may be the reason why deficiency of this protein tends to be more severe than most other FAO disorders (Kerner and Hoppel, 1998) . The human CACT gene has been mapped to chromosome 3p21.31. The protein is composed of 301 amino acids and has a molecular mass of 33 kDa (Huizing et al, 1997; Indiveri et al, 1997; Palmieri et al, 1996; Viggiano et al, 1997) .
The last step of the carnitine system is catalyzed by CPT II, an enzyme located on the matrix side of the inner mitochondrial membrane (Hoppel and Tomec, 1972) . This step involves reconverting the acylcarnitine esters to their respective acyl-CoAs, which are now primed substrates for the ␤-oxidation process ( Kerner and Hoppel, 2000) . The transcribed CPT II protein with a molecular mass of approximately 71 kDa is composed of 658 amino acids, which includes an N-terminal 25 amino acid mitochondrial targeting sequence that is cleaved upon import into the mitochondria (Brown et al, 1991; McGarry and Brown, 1997; Woeltje et al, 1990b) . The CPT II gene is located on chromosome 1p32, and the enzyme is ubiquitously expressed in all tissues that require FAO as an energy- The carnitine pathway. PM ϭ plasma membrane; OMM ϭ outer mitochondrial membrane; IMM ϭ inner mitochondrial membrane.
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producing pathway (Gellera et al, 1994) . No isoforms are known to exist.
Case Report
The proband, a male neonate, was delivered by Cesarean section at 35.5 weeks gestation. The indication for the Cesarean section was preterm labor with fetal hydrocephalus. The mother, a Caucasian primigravida, had an otherwise unremarkable medical and prenatal history.
The baby was in respiratory distress at birth and was intubated and admitted to the neonatal intensive care unit, where he received pulmonary surfactant that led to a temporary improvement in oxygenation. Echocardiography revealed normal heart anatomy with persistent pulmonary hypertension. Magnetic resonance imaging of the brain was consistent with Dandy-Walker Syndrome. A ventriculo-peritoneal shunt was inserted on the second day of his life.
The patient developed metabolic acidosis and hypotension on the third day of his life. Volume expanders and sodium bicarbonate were administered; however, the metabolic acidosis persisted. His hospital stay was further complicated by oliguria and hypocalcemia, which required intravenous calcium supplementation. On the fourth day of his life, the patient developed bradycardia, which was resistant to medical therapy. A pacemaker was inserted; however, his condition continued to deteriorate. He subsequently had a cardiac arrest and could not be resuscitated.
At autopsy, the baby weighed 3600 gm and his crown-heel length was 55.5 cm. Gross examination of the cardio-respiratory system revealed patent ductus arteriosus, mildly pale myocardium, and unremarkable lungs. Examination of the brain revealed marked hydrocephalus, polymicrogyria, and hypoplasia of the vermis. There were choroid plexus hemorrhages in the lateral and third ventricles. All of the ventricles were dilated. There were also subarachnoid and intraparenchymal hemorrhages. The other organ systems were unremarkable on macroscopic examination.
Microscopic examination of the heart showed numerous small fat vacuoles within the muscle fibers. A section of the liver showed extensive macrovesicular steatosis, centrilobular congestion, and extramedullary hematopoiesis. The hematoxylin and eosinstained section of skeletal muscle was unremarkable; however, a subtle increase in the lipid content was evident on a frozen section stained with oil red O. The remaining organ systems revealed no histopathologic abnormalities. Electron microscopic examination of the liver, heart, and skeletal muscle demonstrated elevated lipid content and increased mitochondria.
Plasma amino acid quantification showed elevated phenylalanine, tyrosine, and methionine, consistent with hepatic dysfunction. A nonspecific elevation of many other amino acids was also seen. Urine organic acid analysis revealed elevated lactic acid and 4-hydroxyphenyllactic acids. Plasma carnitine analysis showed normal total carnitine with low free carnitine and an elevated acylcarnitine to free carnitine ratio (free carnitine was 7 mol/L; expected 38 Ϯ 21). The plasma acylcarnitine profile showed markedly elevated long-chain species, especially C16 and C18:1, in association with low acetyl signal (Table 1) .
FAO studies performed on fibroblasts, using the method of Manning et al, (1990) , revealed a profound defect in LCFA oxidation (Fig. 2) . CPT II assay (Esser et al, 1993 ) revealed reduced enzyme activity, which was 7% of the activity in control fibroblast samples (Fig. 3) .
After enzymatic confirmation of the defect, a prenatal investigation was performed on cultured amniotic fluid cells in a subsequent pregnancy. The CPT II activity was found to be 50% of that in non-CPT II-deficient control amniocytes, and a heterozygous fetus was predicted.
Mutational analysis in the proband revealed a rare R296Q mutation on one allele and a 534T ins/del25, an insertion that results in a 25-bp deletion on the other allele. R296Q mutation was not seen in 100 alleles in our population, and previous association of the latter mutation with severe CPT II deficiency strongly suggests that these are the disease-causing mutations. The patient was also homozygous for the V368I polymorphism.
Clinical and Metabolic Features of CPT II Deficiency
As previously mentioned, three distinct clinical presentations of CPT II deficiency have been described. It seems that the amount of residual enzymatic activity dictates the different clinical phenotypes, although some authors disagree (Elpeleg et al, 2001; Martin et al, 1999) .
The adult form typically presents in early adulthood with muscle pain and myoglobinuria, usually after physical exercise (Bank et al, 1975; Cumming et al, 1976; DiMauro and DiMauro, 1973; Faigel, 1995; Scholte et al, 1979; Villard et al, 1996) . Other precipitants may include, but are not limited to, infection, fasting, cold, increased fat intake, emotional distress, and certain drugs (Kelly et al, 1989; Kottlors et al, 2001; Reza et al, 1978; Wallace et al, 2001 ). The clinical features of the adult form have occasionally been reported to occur in childhood, as in the case of a 6-year-old girl who presented with acute muscle weakness, pain, and inability to walk. She had been symptomatic since the age of 2 years and was homozygous for the S113L (338CϾT) mutation that is commonly associated with the adult form of the disease (Gempel et al, 2001) . A similar case presenting at 8 months of age was reported by Hurvitz et al (2000) . Two cases of CPT II deficiency presenting in adolescence with migraine headache have been reported (Kabbouche et al, 2003) . Rare manifestations include recurrent pancreatitis after prolonged episodes of physical exercise and increased fat intake, permanent muscle weakness, and convulsions including status epilepticus (Gieron and Korthals, 1987; Shintani et al, 1995; Tein et al, 1994) . Cardiac arrest may occur after strenuous exercise (Ratliff et al, 2002) . Patients are usually asymptomatic between attacks, which vary greatly in frequency. Marked elevation of creatine kinase level is seen in 86% of the patients (Martin et al, 1999) . Chronic fatigue and persistently elevated serum creatine kinase levels were the predominant features in one case of combined CPT II deficiency and the mitochondrial complex I defect (Tsao and Mendell, 2002) . However, in most cases, serum creatine kinase levels are normal during intercritical phases and this is an important clue to a metabolic myopathy. Metabolic studies of an adult patient, homozygous for the S113L mutation, showed severe insulin resistance (Haap et al, 2002) . Residual metabolic flux, as measured by the rate of [9,10-3 H]myristate oxidation in cultured fibroblasts from patients with adult-onset CPT II deficiency, is usually approximately 50% of that in fibroblasts from normal controls, whereas CPT II activity ranges from 15% to 26% of normal (Bonnefont et al, 1996) . Recent evidence suggests that both residual flux and enzyme activity may be even lower when measured at 41°C than at 37°C (Olpin et al, 2002) . The prognosis is generally favorable, although fatalities have been reported (Kelly et al, 1989) .
The infantile form of CPT II deficiency usually manifests between 6 months and 2 years of age with hypoketotic hypoglycemia, hepatomegaly, and raised plasma creatine kinase levels (Bonnefont et al, 1999; Demaugre et al, 1991) . Cardiac manifestations include dilated hypertrophic cardiomyopathy and arrhythmias (Demaugre et al, 1991; Taroni et al, 1992; VianeySaban et al, 1995) . Other clinical and laboratory features may include episodic weakness, encephalopathy, seizures, respiratory distress, metabolic acidosis, increased serum aminotransferase and ammonia, and decreased serum carnitine (Elpeleg et al, 1993; Ross et al, 1996; Taroni et al, 1992) . In this group of patients, CPT II activity in fibroblasts ranges from 4% to 10% of the activity in control fibroblasts (Demaugre et al, 1991; Elpeleg et al, 1993) . [9, H]Myristate oxidation in fibroblasts is usually less than 10% of the control values (Bonnefont et al, 1996) .
The perinatal form of CPT II deficiency has only been reported in a few cases. This presentation is fatal, leading to death in the neonatal period as was observed in our case (Albers et al, 2001a; Elpeleg et al, 2001; Gellera et al, 1992; Hug et al, 1991; Land et al, 1995; North et al, 1995; Pierce et al, 1999; Sharma et al, 2003; Smeets et al, 2003; Taroni et al, 1994; Vladutiu et al, 2002b; Witt et al, 1991; Zinn et al, 1991) . Pregnancy may be complicated by oligohydramnios, and prenatal screening may show malformations including large ventricles, agenesis of the corpus callosum, intraventricular calcifications, and cystic dysplasia of the brain and the kidneys (Elpeleg et al, 2001; North et al, 1995) . The patients are usually symptomatic at birth or within the first four days of life. In addition to dysmorphia, the clinical features include Carnitine palmitoyltransferase II studies (units: nmol palmitoyl coenzyme A formed/min/mg protein). North et al, 1995; Pierce et al, 1999) . Central nervous system anomalies include ventriculomegaly, periventricular cysts, subarachnoid and subependymal hemorrhages, calcifications, and polymicrogyria, which is thought to result from abnormal neuronal migration. One patient of CPT II with perinatal myopathic illness without organomegaly or cardiovascular abnormalities has been reported, who died at approximately 34 days of life (Land et al, 1995) . The residual LCFA oxidation in fibroblasts of patients with perinatal onset CPT II deficiency is less than 2%, and there is barely detectable CPT II activity in any of the tissues (Elpeleg et al, 2001 ).
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nonketotic hypoglycemia, metabolic acidosis, seizures, arrhythmias, nephromegaly, hepatomegaly, and cardiomegaly with cardiomyopathy (Elpeleg
Pathophysiology of CPT II Deficiency
Despite all of the studies done on CPT II deficiency, little is understood about the pathogenesis of the disorder. Suggestions have been made that certain stressors adversely impair energy metabolism in muscle in CPT II-deficient individuals (Wallace et al, 2001 ). Muscle fibers have been noted to have the highest amount of lipid during normal exercise in healthy individuals. Thus, it is conceivable that in CPT IIdeficient patients, lipid will accumulate in stressed muscle (Nelson et al, 1990) . There is evidence that the S113L mutation leads to a thermolabile CPT II protein whose activity is reduced when body temperature is high, as with exercise, febrile illness, or heat stress (Olpin et al, 2002) . In later-onset disease, the skeletal muscle is primarily affected, whereas the other organ systems are spared. This is probably due to the fact that the residual enzymatic activity is able to maintain sufficient FAO for ketogenesis in the liver. In the infantile and perinatal forms, the residual activity of CPT II is low. This leads to decreased ␤-oxidation and consequent hypoketotic hypoglycemia and systemic lipid accumulation.
Diagnosis
Diagnosis of CPT II deficiency is first suspected by the alert clinician who recognizes the symptomatology and orders appropriate investigations. In the adult form, serum creatine kinase levels may be decreased, normal, or persistently elevated with further increase during periods of metabolic decompensation as an indicator of muscle involvement (Tsao and Mendell, 2002) . The urine may be brown because of myoglobinuria. Serum myoglobin levels are elevated in some cases (Shintani et al, 1995) . There may be elevated levels of serum creatinine and blood urea nitrogen, and acute renal failure may occur (Berkman et al, 1993; Demaugre et al, 1988; Kelly et al, 1989; Shintani et al, 1995; Villard et al, 1996) . Hypocalcemia may occur because of muscle necrosis. Electromyography may demonstrate muscle injury; however, results can be normal in some cases (Kelly et al, 1989; Mongini et al, 1991) . In the infantile form, marked hypoglycemia and hypoketonuria caused by deficient hepatic ketogenesis are common findings (Demaugre et al, 1988) .
Hepatic steatosis is a common finding in both infantile and perinatal forms. Although increased lipid content may be seen in some cases on frozen sections of skeletal muscle stained with oil red O, it is not unusual to have normal skeletal muscle biopsy specimens (Cumming et al, 1976; Scholte et al, 1979) . Electron microscopy, however, demonstrates increased skeletal muscle lipid in most cases (Elpeleg et al, 1993; Kelly et al, 1989; Mongini et al, 1991) . The organic acid screen may show a nonspecific organic aciduria indicative of liver disease as seen in our patient or increased excretion of long-chain dicarboxylic acids (Fontaine et al, 1998) . In the cases presenting earlier in life, the total blood carnitine levels are often decreased, with higher than normal levels of acylcarnitine, so that the acylcarnitine to free carnitine ratio is increased. In the adult CPT II deficiencies, carnitine levels are less predictable. Acylcarnitine analysis using tandem mass spectrometry may show elevated long chain (C16 and C18:1) acylcarnitines with low C2 signal (Gempel et al, 2001) . LCFA oxidation studies can be performed on cultured fibroblasts, utilizing [9,10-3 H]palmitate and [9,10-3 H]myristate . The residual flux through the FAO pathway correlates well with the severity of the disease. CPT II activity can be measured using 50-to 100-mg frozen skeletal muscle tissue (Hargreaves et al, 2000) . Mutation analysis can be performed on skeletal muscle, blood, fibroblasts, and lymphoblasts. Dried whole blood on filter paper has been used successfully and is fast and economical .
Tandem mass spectrometry has emerged as a noninvasive and rapid method of detecting CPT II deficiency (Gempel et al, 1999; Videen et al, 1999) . The first perinatal case of CPT II deficiency to be detected by tandem mass spectrometry through expanded newborn screening was reported in 2001 (Albers et al, 2001b) . The use of tandem mass spectrometry in expanded newborn screening programs has positively impacted our diagnostic capability in the newborn period and has been successfully demonstrated for several metabolic disorders including some from the FAO pathway such as medium-chain acyl-CoA dehydrogenase deficiency (Naylor and Chace, 1999) . Routine newborn screening has been adopted in several states in the United States and at the national level in several countries. There are also a number of private laboratories offering a fee-forservice program for this type of assay (Jones and Bennett, 2002 ; Levy and Albers, 2000) . Within the United States, the New England consortium seems to provide an excellent working model, which addresses important aspects of management (Albers et al, 2001a; Gempel et al, 2002) . The method is highly sensitive and specific (Wiley et al, 1999) . Although perinatal CPT II deficiency is almost invariably fatal, early diagnosis is still useful. Presently, there is minimal data on the utility of newborn screening for nonperinatal CPT II deficiency. It seems likely that the infantile form of the disease should be detectable with good sensitivity. Late-onset CPT II deficiency may have much lower excretion of diagnostic acylcarnitines because of the high residual enzyme activity. We do not know how sensitive current screening assays are for this disease. Rettinger et al (2002) described a method using tandem mass spectrometry to determine the CPT II activity in muscle biopsy specimens.
Molecular Basis of CPT II Deficiency and Genotype-Phenotype Correlation
The CPT II gene has been cloned (Finocchiaro et al, 1991; Verderio et al, 1995) and assigned to chromosome 1p32 (Gellera et al, 1994) . The gene contains five exons with a range of 81 to 1305 bp in length and spans 20 kilobases (Woeltje et al, 1990a) . The unusually long exon 4 codes for more than half of all of the translated sequences of the gene (Verderio et al, 1995) . More than 25 mutations have been described (Table 2) . Most mutations are missense mutations and are found in exons 1, 3, 4, and 5. 
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The S113L is the most common mutation in the late adult form and is prevalent in populations of Southern European origin (Bonnefont et al, 1996; Handig et al, 1996; Taroni et al, 1993; Weiser et al, 2003; Yang et al, 1998b; Zierz et al, 1994) . There are some case reports of children with this mutation who present with myopathic features of the adult form of the disease (Gempel et al, 2001 ). CPT II deficiency may manifest clinically even in a person heterozygous for the S113L mutation (Kaufmann et al, 1997; Taggart et al, 1999; Taroni et al, 1993) . Compound heterozygosity may cause intermediate disease, as in the case of the S113L and the R631C (1897CϾT) causing earlier presentation of the adult myopathic type. S113L in association with E487K (1459GϾA) was reported in a 13 year old with the adult phenotype. The patient had been symptomatic since 8 years of age (Bruno et al, 2000; Taroni et al, 1993) . The allelic frequency of the S113L mutation in European patients is 60% .
The P50H (149CϾA) causes a significant decrease in CPT II activity by altering the stability of the CPT II protein and is also associated with the adult form of disease (Verderio et al, 1995) . The D553N (1657GϾA) mutation, which is rare, involves substitution of an acidic amino acid (aspartic acid) with a neutral one (asparagine) and leads to an unstable protein. Heterozygous D553N, in association with the S113L mutation, has been reported in a patient with the adult phenotype (Verderio et al, 1995) . The R503C (1507CϾT), and G549D (1646GϾA) substitutions are located in highly conserved regions of all CPT genes. The R503C mutation, which is lethal in the homozygous state, is known to cause clinical symptoms in the simple heterozygous form (Taggart et al, 1999; Vladutiu et al, 2000) .
The Y628S (1883AϾC) mutation results in severe impairment of the CPT II protein stability and is associated with the infantile type (Bonnefont et al, 1996) . The R631C mutation also decreases the protein stability. This mutation is also associated with the infantile form of CPT II deficiency ; however, it has been associated with the adult phenotype in a separate report (Toscano et al, 1996) . A combination of the E174K (520GϾA) mutation, which extends the length of the ␣-helix, and the F383Y (1148TϾA) mutation, which changes the direction of the turn, have so far only been associated with the Japanese population and result in infantile disease when homozygous (Akanuma et al, 1997; Wataya et al, 1998; Yamamoto et al, 1996) .
The R124Stop (370CϾT) mutation in exon 4 creates a stop codon at residue 124 of the protein leading to premature termination in translation (Yang et al, 1998a) . In the L178F;N179_I186del (533_534insT;534_558del) mutation (seen on one allele of our patient), phenylalanine is substituted for leucine and this is followed by a 25-bp deletion (Yang et al, 1998b) . The Q550R (1649AϾG), R151Q (452GϾA), P604S (1810CϾT) substitutions (Yang et al, 1998b) , the P227L (680CϾT) mutation (Taroni et al, 1994; Yang et al, 1998b) , the F448L (1342TϾC) on exon 4, the Y479F (1436AϾT), and the M214T (641TϾC) substitutions (Weiser et al, 1997) are disease causing.
The Q413fs (1238_1239 delAG) mutation encodes an unstable truncated protein. The 413delAG-F448L haplotype is found predominantly in the Ashkenazi Jewish population and is associated with the antenatal presentation when homozygous (Elpeleg et al, 2001; Taggart et al, 1999) . The fatal perinatal phenotype has been reported in five siblings in an isolated Moroccan family. Genomic studies showed compound heterozygosity for the 534T ins/del 25 mutation and a GϾA splice mutation. This mutation, which is located in the intron 2 splice-acceptor site, was the first of its kind to be reported (Smeets et al, 2003) . The L302fs (907_918ins) results in premature termination of the protein and truncation by about 350 amino acids and is also associated with the perinatal phenotype .
Phenotypic variability has been known to occur in siblings with the same genotype (Handig et al, 1996; Vladutiu et al, 2002a) , suggesting other environmental or genetic factors may play a role in the predisposition to disease severity. Although the genotype has clearly been associated with disease severity in many cases of CPT II deficiency, it is becoming accepted that the best predictive indicator may be the residual level of LCFA oxidation, typically performed in cultured cells (Thuillier et al, 2000) . Three polymorphisms have been described, the V368I (1203GϾA), for which our patient was homozygous, the M647V (2040AϾG) substitution , and the F352C (1571TϾG) substitution, which is predominantly found in the Japanese population (Wataya et al, 1998) . In some cases the polymorphisms have been found to exacerbate the effect of some mutations , whereas in other cases they seem to have no effect . However, they are not pathologic by themselves. The V368I and the M647V polymorphisms are commonly associated with the S113L mutation. In Southern European populations, the allelic frequencies of V368I and M647V are V1 ϭ 0.49 and V2 ϭ 0.51 and M1 ϭ 0.75 and M2 ϭ 0.25, respectively (Verderio et al, , 1995 . The F352C polymorphism does not seem to have an effect on the CPT II activity (Wataya et al, 1998) .
Treatment
Glucose remains the mainstay therapy in the management of CPT II deficiency. Intravenous glucose infusions have been shown to be beneficial in improving exercise tolerance, whereas oral glucose has not (Orngreen et al, 2002) . The intravenous glucose is thought to spare glycogenolysis in muscle through supplementation of carbohydrate combustion during the early stages of exercise (Orngreen et al, 2002) . A medium-chain triglyceride diet has been shown to lower the triglyceride storage in an isolated case of CPT II deficiency; however, the long-term effects were not elucidated (Scott et al, 1991 recommended avoidance of C12-fatty acids in the medium-chain triglycerides preparations in addition to tightly regulated doses (Schaefer et al, 1997) . In some situations, treatment with medium-chain triglycerides has not altered the symptomatology (Carroll et al, 1978) . Prolonged episodes of fasting should be avoided in these patients (Bougneres et al, 1981) . During labor, in an affected mother, adequate analgesia in addition to glucose infusions and close monitoring of serum creatine kinase level has been recommended (Moundras et al, 2000) . In rats, theophylline has been shown to increase cardiac and renal CPT activity by an unknown mechanism (Alhomida, 2001) . It is important to note that valproic acid, a drug commonly used in the treatment of pediatric convulsions, has been shown to trigger acute rhabdomyolysis in CPT II deficiency and is contraindicated (Kottlors et al, 2001 ). Thus it is imperative to rule out this disorder before therapy with this drug is initiated or to use an alternative drug if the situation permits. Gellera C, Verderio E, Floridia G, Finocchiaro G, Montermini L, Cavadini P, Zuffardi O, and Taroni F (1994) . Assignment of the human carnitine palmitoyltransferase II gene (CPT1) to chromosome 1p32. 
